(approximately 36% xylose) by adapting a method used transferred to a water bath at 55 C and stirred for 2 hr. by Meier (23) to purify hemicelluloses. Twenty-five g of Prolonged heating of the alkaline solution was avoided in the commercial xylan were dissolved in 150 ml of 10% order to minimize polymer breakdown. The preparation NaOH. This solution was stirred while 20 ml of a was acidified with glacial acetic acid to pH 5, cooled, and saturated Ba(OH) 2 solution was added. The resulting dialyzed 48 hr against distilled water at 4 C. The final precipitate was removed by centrifugation at 17,000 g for volume was brought to 200 ml (equivalent to about 1% 15 min, and used later as a source of glucomannan. To the xylan) and Thimerosal (0.005%) was added to retard supernatant liquid, three additional amounts (20, 45 , and microbial growth. The preparation was stored at 4 C. 145 ml) of Ba(OH) 2 solution were added sequentially.
Enzyme assays.--Xylanase was assayed by measuring After each addition, a precipitate formed which was the release of reducing groups from a substrate as removed by centrifugation. The first (glucomannandetermined by Nelson's procedure (27) . Reaction 'containing) and final (xylan-containing) precipitates (fractions I & IV) were each suspended in 50 ml of distilled water. The two suspensions (fractions I & IV) along with (OHEX) which was also used as an enzyme substrate. A soluble derivative of xylan, OHEX, was prepared buffer. Fractions (7.5 ml) were collected and assayed as described (33) (34) (35) (36) (37) (38) (39) (40) ] from a Bio-Gel P-10 pseudokoningii during an 8-day growth period on a mineral salts column (1.8 X 85 cm) equilibrated with 50 mM sodium acetate medium containing 0.1% xylan. The enzyme was assayed at 30 C buffer (pH 5.0) and 100 mM NaCl. The markers indicate the by measuring the release of reducing groups in reaction mixtures elution peaks of: Blue dextran (mol. wt. 2,000,000), myoglobin containing: 0.2 ml 1% 0-hydroxyethyl xylan, 0.1 ml 200 mM (mol. wt. 17,500), ribonuclease (mol. wt. 13,700), and sodium acetate buffer (pH 5.0), 0.05 ml dialyzed culture filtrate, cytochrome C (mol. wt. 12,300). Enzyme activity (--) and and water to give a final volume of 0.5 ml.
protein content ( . ) of each fraction were determined. the eluent was collected in I0-ml fractions. Fractions were pH assayed for xylanase with OHEX as the substrate; the peak fractions were pooled, dialyzed against distilled Fig. 3 . Activity of the purified xylanase from Trichoderma water, and lyophilized. pseudokoningii in relation to pH. Enzyme activity at 30 C was
The lyophilized enzyme preparation was redissolved in determined using 0.1 ml sodium citrate (pH 3), sodium acetate 8 ml of 50 mM sodium acetate buffer (pH 5.0) and 100 (pH 4-6), and sodium phosphate (pH 6-8) buffers (200 mM) in mM NaCl. Two-ml portions were applied to a column reaction mixtures containing 0.2 ml 0-hydroxyethyl xylan (1.8 X 90 cm) of Bio-Gel P-10 [74-38 Am (200-400 mesh)] (OHEX) and 0.1 ml aqueous solution of purified enzyme (10 ng).
equilibrated with the same salt-buffer mixture used to redissolve the enzyme. The column flow rate was adjusted to 6 ml/hr and the eluent was collected in 2 ml fractions. mixtures contained: 0.2 ml 1% OHEX or 0.3 ml 0.5%
The peak enzyme fractions were pooled, dialyzed 18 hr xylan (fraction V), 0.1 ml 200 mM sodium acetate buffer against 50 mM sodium acetate buffer (pH 5.0), and stored (pH 5.0), 0.1 ml enzyme solution, and glass distilled water at -20 C until used. to make a final volume of 0.5 ml. The initial rate of The molecular weight of the purified xylanase was substrate hydrolysis was proportional to the amount of estimated by sucrose density-gradient ultracentrifugation enzynme present. Protein was determined by the procedure and by SDS discontinuous gel electrophoresis. The of Lowry et al. (20) ; bovine serum albumin was used as a sedimentation behavior of the enzyme in a 5-20% sucrose standard.
gradient in 50 mM sodium acetate buffer (pH 4.5) was Xylanase production, purification, and character-examined following the procedure of Mount et al. (24) . ization.-The culture medium employed for Cytochrome C' (mol. wt. 12,300) and horseradish enzyme production contained: 1.0 g NH 4 NO 3 , 650 mg peroxidase (mol. wt. 40,000) were used as standards. KH 2 PO 4 , 181 mg MgSO4, 149 mg KC1, 6.9 mg Cytochrome C was detected by the procedure of Lowry et MnSO 4 "H 2 0, 3.5 mg ZnSO 4 "H 2 0, 3.3 mg FeC13"6H 2 0, al. (20) and peroxidase activity was measured by the 3.1 mg CuSO 4 a5H 2 0, 1.0gyeast extract (Difco), and 1.Og method of Loebenstein and Linsey (19) . The molecular xylan (fraction IV) in 1 liter of distilled water. This weight of xylanase was estimated according to the method of Martin and Ames (22) . Sodium dodecyl sulfate and sample size were the same as described for the SDS (SDS) discontinuous gel electrophoresis was employed gel electrophoresis. In order to determine the location of following the procedure of Maizel (21) . Slab gels were 1.5 enzyme activity, some gels were not stained after mm thick and 18-,liter samples were applied in 4.5 mm electrophoresis and were cut into 5 mm segments. Each slots. The stacking gel and resolving gel were 3% and 13% segment was crushed and eluted with 500 Mliters of 200 polyacrylamide, respectively. An operating voltage of 50 mM sodium acetate buffer (pH 5.0) and assayed for V was applied until the tracking dye reached the resolving enzyme activity. gel at which time the voltage was increased to 100 V.
The isoelectric point of the enzyme was determined by Alpha-chymotrypsinogen-A (mol. wt. 25,700), isoelectric focusing by the method of Bateman et al. (5) . A ribonuclease A (mol. wt. 13,700), and cytochrome C (mol. rough estimate of the isoelectric point was made with pH wt. 12,300) were used as standards.
3-10 Ampholine carriers. A second electrofocusing was The homogeneity of the xylanase preparation was made with a (1:2, v/v) mixture of pH 8-10 and pH 9-11 checked by low-pH discontinuous gel electrophoresis at 4 Ampholine carriers. After 2 to 3 days the electric power C following the methods of Maizel (21) . Gel dimensions supplied to the column stabilized at 0.37 W and fractions were collected. After determining the pH of the fractions, they were dialyzed overnight against water at 4 C and assayed for xylanase activity with OHEX. Reaction products released by the purified xylanase from xylan were examined by paper chromatography. Fig. 4-(a, b) . Slab gel electrophoresis of the purified xylanase from Trichodermapseudokoningii. Gels for both SDS and lowDistance from Origin (mm) pH electrophoresis were 1.5 mmthick and 18 Aliter samples were applied in 4.5-mm-wide slots. The stacking gel (20 mm long) and resolving gel (90 mm long) were 3% and 13% polyacrylamide, Fig. 5 . Acrylamide gel electrophoresis (pH 5.0) of purified respectively. An operating voltage of 50 V was applied until the xylanase from Trichoderma pseudokoningii. Enzyme (15 Mg) tracking dye (bromphenol blue) reached the resolving gel at was applied to adjacent sample slots and subjected to which time the voltage was increased to 100 V. Low-pH electrophoresis at 4C. An operating voltage of 50 V was applied electrophoresis was run at 4 C and SDS electrophoresis at 25 C. until the tracking dye (bromphenol blue) reached the resolving a) Low-pH electrophoresis-samples from left to right contain: 3, gel at which time the voltage was increased to 100 V. One section 7.5, 12, and 15 ug, respectively, of purified xylanase. b) SDS was stained for protein (top) and the other section was sliced into electrophoresis-samples from left to right contain 6 and 15 lig of 5-mm segments; each segment was extracted with 0.5 ml 200 mM purified xylanase. Gels were stained with Coomassie Brilliant sodium acetate buffer (pH 5.0) and the extract was assayed for Blue R.
xylanase activity. [Vol. 67 appropriate controls were spotted on chromatography (pH 3), sodium acetate (pH 4-6), and sodium phosphate paper after various intervals between 0 and 2 hr. The (pH 6-8) buffers (200 mM) in the routine xylanase assay chromatograms were irrigated in a descending manner (Fig. 3) . The pH optimum was about pH 5.0 with either for 24 hr with a solvent mixture of butanol, acetic acid, OHEX or xylan as the substrate. The isoelectric point of and water (2:1:1, v/v), dried for24 hr, and developed with the purified xylanase was about 9.6 as determined by silver nitrate reagent (32).
column electrofocusing with Ampholine carriers. To check the specificity of the purified xylanase and to
The purified xylanase was shown to be homogeneous insure that it was not contaminated by other by electrophoresis. Low-pH discontinuous gel polysaccharidases, the activity of the purified xylanase on electrophoresis revealed a single protein band when as arabinan (araban), carboxymethylcellulose, /3-1,4 much as 15 Ag of enzyme preparation was applied (Fig. 4 galactan, glucomannan, mannan, sodium polypectate, a); this band coincided with the location of xylanase and polygalacturonic acid was examined. Each reaction activity eluted from nonstained gels (Fig. 5) . Stained gels mixture contained 0.3 ml of a given polysaccharide from SDS discontinuous electrophoresis also showed a (0.5%), 0.1 ml of a 500 mM buffer (sodium acetate, pH 4 single protein band (Fig. 4-b) . The molecular weight of or Tris-HCl, pH 8) and 0.1 ml enzyme or water. the enzyme was estimated by SDS electrophoresis to be Thimerosal (0.005%) was added to prevent microbial about 15,000 daltons as determined by comigration of contamination. Reaction mixtures were incubated 24 hr protein standards (Fig. 6) . The molecular weight at 30 C and then assayed for increase in reducing groups estimated by the method of Martin and Ames (22) was by Nelson's method (27).
20,375 daltons and 22,280 daltons, respectively, when Cell wall studies.-Cell walls from hypocotyls of 7-day-cytochrome C (12,300 daltons) and horseradish old bean seedlings (Phaseolus vulgaris L.) and from 5-peroxidase (40,000 daltons) were used as the reference day-old corn shoots (Zea mays L.) were isolated by the proteins. method of Barnett (3). These preparations were further
Paper chromatography of aliquots of reaction treated with organic solvents (6), air-dried overnight, and mixtures containing xylan and purified xylanase after 0, further dried over P 2 0 5 for 48 hr under vacuum at 40 C. 30, 60, and 120 min of incubation at 30 C revealed that The release of cell wall constituents by the purified this enzyme released at least four oligomers, but no xylanase was determined in reaction mixtures containing: monomer (Fig. 7) . Approximately 14% of the glycosyl 10 mg cell walls, 1.5 ml enzyme (assayed activity on xylan, bonds present in the substrate were hydrolyzed after 120 4.6 Mmoles/min/ml), 0.5 ml 200 mM sodium acetate min of incubation. The oligomers were each eluted from buffer (pH 5.0), and Thimerosal (0.005%). Reaction the chromatogram with water, and then further degraded mixtures were incubated for 18 hr at 25 C with constant by a crude T.pseudokoningii enzyme preparation. Paper stirring. Cell wall residues and supernatants of reaction chromatography of the degraded oligomers showed that mixtures were assayed for noncellulosic carbohydrate each contained only xylose. A quantitative assay of the constituents by the procedure of Jones and Albersheim reducing groups, before and after degradation of the (14).
RESULTS
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Production, purification, and properties of T.
pseudokoningii xylanase.--A time-course study of a xylanase production in culture, based on assays of dialyzed culture fluid, revealed that maximum activity = occurred on day 4 (Fig. 1) . When culture filtrate was _X applied to a CM-Sephadex column, the enzyme was 2 eluted when the NaC1 gradient reached 40 mM (Fig. 2-a) .
The majority of the culture filtrate protein (approximately 90%) did not bind to the column and was found in the void volume and buffer wash. These fractions did not contain significant xylanase activity. A "5
Xyl minor peak of xylanase activity was eluted when the NaCl _.b gradient reached 20 mM, but this peak was discarded. Lyophilization of pooled peak fractions seemed to c enhance xylanase specific activity (Table 1) . Xylanase eluted from the Bio-Gel P-10 column with an elution volume to void volume (V,/Vo) value of 2.7 ( Fig. 2-b) . This Ve/Vo value is unusually high for an enzyme and 0.0 0.5 1.0 suggests that factors other than gel filtration were involved in the elution of the enzyme. f The purified enzyme (Bio-Gel P-10 peak) was stored for up to 9 mo in 50 mM sodium acetate buffer (pH 5.0) Fig. 6 . Molecular weight estimate of the purified xylanase from Trichoderma pseudokoningii by SDS gel electrophoresis containing 100 mM NaC1 at -20 C without significant (See Fig. 4 for procedures). Reference proteins included: (a) aloss of activity.
chymotrypsinogen-A (mol. wt. 25,700), (b) ribonuclease (mol. The optimum pH for substrate hydrolysis by the wt. 13,700), (c) cytochrome C (mol. wt. 12,300). The estimated purified xylanase was determined with sodium citrate molecular weight of xylanase was approximately 15,000 daltons.
oligomers, suggests they are di-, tri-, tetra-, and enzyme treatment (Fig. 9-c, d ). This analysis of corn cell pentamers. wall residues also indicated that following xylanase When arabinan (araban), carboxymethylcellulose,/3-treatment there was a slight increase in the amount of 1,4 galactan, glucomannan, mannan, sodium glucose and galacturonic acid. polypectate, and polygalacturonic acid were used as potential substrates for the purified xylanase, no release DISCUSSION of reducing groups was detected, except in reaction mixtures containing glucomannan (Table 2) . Upon
The endo-/3-l,4 xylanase produced by T. analysis by paper chromatography of the products pseudokoningii was purified by a relatively simple tworeleased from glucomannan, only xylose oligomers were step scheme involving cationic ion exchange detected. Gas chromatographic analysis (1) of the chromatography and gel filtration (Table 1) . Purification glucomannan substrate showed that it contained 15-20% of this enzyme was facilitated by its high isoelectric point xylose.
(pI 9.6) and its low molecular weight (15,000 to 22,000 Release of carbohydrate from isolated bean and corn daltons). Another factor that greatly aided in the cell walls by purified xylanase.--Analysis of isolated bean purification of the enzyme was its behavior during gel and corn cell walls by the procedure of Jones and filtration. The Ve/Vo value of 2.7 exhibited by the Albersheim (14) indicated that 59% and 39% of the wall xylanase following gel filtration in Bio-Gel P-10 ( Fig. 2-b ) material, respectively, was accounted for as specific is characteristic of compounds in the molecular weight sugars of noncellulosic carbohydrates (Fig. 8-a, b) . The range of 6,000. Thus, the Ve/Vo of this xylanase was major sugars in the bean cell walls were galactose and unusually high when one considers its estimated galacturonic acid but those in the corn cell walls were xylose and arabinose. Analysis of the supernatant portions of reaction mixtures in which the purified xylanase was incubated with bean and corn cell walls Corn showed that this enzyme solubilized carbohydrate from 20 both of those sources. This enzyme solubilized only about 0.6% of the bean cell walls and the major sugar present in the carbohydrate released was xylose (Fig. 9-b) . Xylanase 15 released 4.5% of the corn cell wall as carbohydrate. The major sugars in this fraction were xylose and arabinose ( Fig. 9-a) . Analysis of the cell wall residues following t' treatment with xylanase showed that the xylose and E 10 arabinose contents of the corn cell walls and the xylose content of bean cell walls had been decreased by the Fig. 8-(a, b) . Neutral sugar and uronic acid composition (mg were spotted on chromatography paper at the indicated time %) of a) 5-day-old corn shoots and b) 7-day-old bean intervals (min). Controls were enzyme (E), substrate (S) and 50 hypocotyl isolated cell walls. Abbreviations: Rha = rhamnose; pg'xylose (X). The chromatogram was irrigated in a descending Fuc = fucose; Ara = arabinose; Xyl = xylose; Man = mannose; manner for 24 hr with butanol, acetic acid, and water (2:1:1, v/ v), Gal = galactose; Glc = glucose; Gal A = galacturonic acid; and dried for 24 hr and developed with silver nitrate reagent.
Glc A = glucuronic acid. [Vol. 67 molecular weight as determined by SDS gel preparation which contained about 20% polymeric electrophoresis (Fig. 6 ) or sucrose density gradient xylose. Since the glucomannan was prepared from a ultracentrifugation. Lyophilization of the major xylanase commercial xylan preparation, the contamination of this peak eluted from the CM-Sephadex column resulted in a substrate with xylan is understandable. consistent increase in specific activity of this enzyme Like the xylanases reported for several fungi (9, 12, 17, ( Table 1) . The reason for this effect is unknown. 34), the purified xylanase of T. pseudokoningii has an Gel electrophoresis at low pH and SDS gel acid pH optimum (pH 5.0) and cleaves xylan releasing electrophoresis of the purified xylanase revealed that only oligomeric xylose, the smallest being a dimer. The one protein band was present. Furthermore, assays of absence of monomeric xylose in reaction mixtures unstained low-pH gels showed that xylanase activity and indicates that this enzyme is unable to cleave xylose the protein band were coincident. This enzyme did not oligomers containing less than four xylose residues. A exhibit activity on any nonxylose containing similar pattern of substrate specificity has been polysaccharides ( Table 2) , demonstrating that it was demonstrated for an endoxylanase from Aspergillus specific for xylan and free of other polysaccharidases. foetidus (34). Thus, the purified xylanase from T. Unlike a highly purified xylanase from Stereum pseudokoningii may be regarded as an endo-/3-1,4 sanguinolentum (8) which exhibited some activity on xylanase. carboxymethylcellulose due to a trace amount of Our analysis of the carbohydrate constituents of cell cellulase, the purified enzyme from T.pseudokoningiidid walls of corn and bean seedlings (Fig. 8-a, b) by the not hydrolyze this substrate. The apparent activity of the procedure of Jones and Albersheim (14) yielded results purified T. pseudokoningii xylanase on glucomannan comparable to those reported by others (1, 28). The involved only the release of xylose oligomers from a purified xylanase from T. pseudokoningii released 9-(a to d) . Solubilization of plant cell wall sugars by a purified xylanase from Trichodermapseudokoningii. Reaction mixtures contained: 10 mg cell walls, 1.5 ml enzyme (assayed activity, 4.6 Amoles/min/ml), 0.5 ml 200 mM sodium acetate buffer (pH 5.0) and Thimerosal (0.005%). The reaction mixtures were incubated for 18 hr at 25 C with constant stirring. After enzyme treatment, cell walls and supernatants of reaction mixtures were assayed for constituent sugars. Results are compared to controls of cell walls in buffer and are expressed in mg %. a, b) Carbohydrates found in supernatants of xylanase-treated corn and bean cell walls, respectively. c, d) Changes in constituents of corn and bean cell wall residues, respectively, after treatment with xylanase. 
